Abstract-Using a commercial software, simulations are done on the radiation of a dipole antenna embedded in metamaterial substrates. Metamaterials under consideration are composed of a periodic collection of rods, or of both rods and rings. The S-parameters of these metamaterials in a waveguide are analyzed and compared with their equivalent plasma or resonant structure. Farfield radiation is optimized by analytic method and is simulated numerically. The metamaterial is shown to improve the directivity.
INTRODUCTION
Recently, there has been growing interest in the study of metamaterials both theoretically and experimentally. Metamaterials are artificial materials synthesized by embedding specific inclusions, for example, periodic structures, in the host media [1] [2] [3] [4] [5] [6] [7] [8] . Some of these materials exhibit either negative permittivity or negative permeability. If both permittivity and permeability of such materials are negative at the same frequency, then the composite possesses an effective negative index of refraction for isotropic medium [9] and is referred to as a lefthanded metamaterial. The name is used because the electric field, the magnetic field and the wave vector form a left-handed system [9] . These metamaterials are typically realized artificially as composite structures that are composed of periodic metallic patterns printed on dielectric substrates. One of the first theoretical studies was done by Veselago in 1960s [9] . He examined the propagation of plane waves in a hypothetical substance with simultaneous negative permittivity and permeability. He found that the Poynting vector of the plane wave is antiparallel to the direction of the phase velocity, which is contrary to the conventional case of plane wave propagation in natural media. It has been shown by Pendry et al. [10] that a medium constructed by periodic metallic thin wires behaves as a homogeneous material with a corresponding plasma frequency when the lattice constant of the structure and the diameter of the wire are small in comparison with the wavelength of interest [10] . Pendry et al. also showed that split ring resonators can result in an effective negative permeability over a particular frequency region [2] . Only a couple of years ago, Smith, Schultz, and Shelby from the University of California-San Diego constructed the first left-handed metamaterial in the microwave regime, and demonstrated the negative index of refraction [4] .
Many properties and potential applications of metamaterials have been explored and analyzed theoretically. Pendry proposed that lefthanded metamaterials could be used to build a perfect lens with sub-wavelength resolution [11] . Studies have been done on backward waves propagation [12] , waveguides [13, 14] , Cerenkov radiation [15] , resonators [16] , etc.
We can view metamaterials as a broader class of materials than left-handed medium. It is a class of materials that enable us to manipulate permittivity and permeability. To this date, the technology in left-handed metamaterials is best suited for our purpose.
Little research has been done on applications of left-handed metamaterials in antenna systems. Emission in metamaterials using an antenna has been recently presented in 2002 by Enoch et al. [17] . Two features are of interest regarding the control of emission: direction and power of emission. Enoch et al. have demonstrated the feasibility of using a rod medium to direct the emission of an embedded source towards the normal of the substrate, thus confining the radiated energy to a small solid angle.
The metamaterial they used was a metallic mesh of thin wires. Such medium can be characterized by a plasma frequency [10] . The effective permittivity can be expressed as
where ω p is the plasma frequency and ω is the frequency of the propagating electromagnetic wave. From this equation, the effective permittivity is negative when the frequency is below the plasma frequency. When operating at the plasma frequency, the effective permittivity is zero, and hence yields a zero index of refraction (n = √ µ r r ). From Snell's law (sin θ t / sin θ i = n i /n t where i denotes the incident medium and t denotes the transmitted medium), for n i ≈ 0, we obtain a θ t of zero regardless of what θ i is. As shown in Figure 1 , if we place a dipole in a substrate with index of refraction n ≈ 0, the exiting ray from the substrate will be normal to the surface. Therefore, the closer the operating frequency is to the plasma frequency, the better the directivity. The permittivity just above the plasma frequency can be positive but still less than one. This will correspond to an index of refraction of less than one and close to zero. Then for any incident ray from inside such a medium to free space, the angle of refraction will be close to zero and the refracted rays will be close to normal. This property can be used to control the direction of emission. Inspired by Enoch, we propose to use left-handed like metamaterial (where the effective permittivity ef f and µ ef f will be zero at certain frequencies) as a substrate. Through the control of the structure's geometry, the frequencies where ef f = 0 and µ ef f = 0 can be tuned to the desired specification to produce directional emission in a wider band.
As it is mentioned above, thin wire structures can produce an effective negative permittivity below the effective plasma frequency and split ring resonators can result in an effective negative permeability over a particular frequency range. Overlaying these two frequency regions, both the permittivity and permeability are simultaneously negative, and thus the index of refraction may have a negative real value over a passband region. By manipulating the metamaterial structure, the effective permittivity and permeability can be changed individually, giving us the capability to control the position of the lefthanded passband.
By using the commercially available software CST Microwave Studio r , studies will be done on a dipole embedded in metamaterial substrates.
Methodology for studying antenna radiation in metamaterial substrates will be presented and results will be shown. The transmission property of a periodic rod medium will be analyzed from which an equivalent plasma model will be found. Dipole antenna radiation will be studied in the rod medium to establish our methodology.
PRIOR ART
Enoch et al. has used metamaterial as antenna substrate [17] . The metamaterial they used were layers of copper grids separated by foam. The copper grids has a square lattice with a period of 5.8 mm; each layer has a separation of 6.3 mm. This metamaterial possesses a (microwave) plasma frequency at about 14.5 GHz. The source of excitation used is a monopole antenna fed by a coaxial cable. The emitting part of the monopole is approximately centered at the center of the metamaterial substrate. In the experiment, a ground plane is added to the metamaterial substrate. At 14.65 GHz, it has the best directivity.
The block of metamaterial substrate can be treated as a homogeneous material.
Since it has a plasma frequency of approximately 14.5 GHz, the permittivity is closed to zero at this frequency, which means that the index of refraction is close to zero as well. From ray theory, the exiting ray from the substrate will be very closed to the normal of the substrate.
Changes in the copper grid metamaterial can only change where ef f = 0 is. However, to obtain a index of refraction of n = 0, besides making permittivity zero, we can also let µ ef f = 0. The known technology to manipulate both permittivity and permeability of a structure can be borrowed from the study of left handed metamaterials. In this section we will use rod medium as an example, since it is the simplest metamaterial and we have previous literature to compare our simulation results with. We will use similar aperture size for all our metamaterial substrates, and keep our region of interest in the microwave region. Ground planes will not be used in our simulation; the main effect will be that the beamwidth will be wider without the ground plane. In the next section, we will show the parameters used in the simulation of the metamaterials using CST Microwave Studio r .
METHODOLOGY
As discussed in the previous section, one of the objectives of this paper is to develop a methodology to analyze and design the metamaterial substrate for directive antenna. In this section, we will present the methodology in detail. The flow chart in Figure 2 shows the basic elements in our methodology and the process of analysis. We will use the rod medium as an example to illustrate how our methodology works, and further present how this approach can help us to examine and understand metamaterial as an antenna substrate. Additionally, this methodology can help us to optimize a metamaterial structure as substrate for directive antenna.
The metamaterial is the starting point of the analysis and is usually composed of periodic structures of metal and dielectric. We can build the structure and do experiments to see what the performance is as antenna substrate, or we can do numerical simulations. On the other hand, or we can do theoretical studies assuming the substrate is homogeneous. Experiment is the most expensive and time consuming, so we will use numerical simulation and theoretical studies to design a metamaterial structure that is good for antenna substrate. Since simulating the real size structure requires a lot of memory and takes a long time, we will put a slice of metamaterial in a parallel plate waveguide to approximate the radiation effect. We can also simulate the metamaterial in a waveguide and extract the S-parameters to find the effective µ and for all frequencies [18] . With the effective permittivity and permeability, we can use analytic formula to obtain farfield results with µ ef f and ef f . The theoretical farfield result is faster to acquire than the ones from simulating in a parallel plate waveguide. Therefore, for optimizing, we will use theoretical method to find the optimized structure first, then simulate it in the parallel plate.
Simulation
For simulation, we use CST Microwave Studio r which is based on Finite Integration Technique (FIT) [19] for general purpose electromagnetic simulations. FIT applied to Cartesian grids in the time domain is computationally equivalent to the standard Finite Difference Time Domain (FDTD) method. For high frequency electromagnetic applications, time domain simulations methods are highly desirable, especially when broadband results are needed. FIT therefore shares FDTD's advantageous properties like low memory requirements and efficient time stepping algorithm. FIT combined with Perfect Boundary Approximation (PBA) can maintain the convenient structured Cartesian grids and permit an accurate modeling of curved structures [20] .
The solver that we used for all our simulations is a transient solver.
For a wide frequency range, it uses only one computational run for the simulation of a structure's behaviors [20] . The version of CST Microwave Studio r that we are using is v4.2. We will be using it for radiation simulation and waveguide simulation.
Radiation Setup
To illustrate the methodology in detail, a simple rod medium will be used as demonstration, which is very similar to what Enoch et al. has used [17] . The full size structure setup for the rod medium is shown in Figure 3 . Each rod is a cylindrical Perfect Electric Conductor (PEC) structure that has a radius of 0.2 mm, and of length 250 mm. The period in the x direction is 5.8 mm and in the y direction is 6.3 mm.
There are 6 layers of rods in the y direction and 40 repetition in the x direction. A 50 Ω S-parameter discrete port (dipole) of 1 mm in length is placed at the center of the structure for radiation. Mesh type of PBA (usually staircase type will be used if there is no curvature in the structure to save simulation time) is used with mesh density set at 10 lines per wavelength with refinement at PEC edges by 3. The resultant mesh in the x-y plane is shown in Figure 4 . How the mesh is setup is important to the accuracy of our simulation results. It should be fine enough to capture the details of the metamaterial structure. It is not as essential here for the simple rod medium as for some other structure which we will encounter later. The open boundary is modeled with Perfectly Matched Layer (PML) of 8 layers and a reflection coefficient of 0.0001. The automatic minimum distance to structure (when using "open (add space)" as the boundary condition) is one wavelength. Farfield monitors are set up for frequencies from 11 GHz to 17 GHz. Radiation power are calculated at a distance 10 meters away from the excitation source (dipole in all our cases). These are the typical parameters we use in all our simulations, except for the mesh parameters and farfield monitor frequency range. Simulating the full size structure takes a lot of memory and as most metamaterial structures are more complicated than periodic rods, more time and even more memory are needed for simulation as well. Therefore, we use a slab of metamaterial in a PEC parallel plate waveguide to approximate the full size structure to save simulation time and memory. The slab setup is as shown in Figure 5 . The dipole is again placed at the center of the structure. Mesh parameters are the same as before with the additional option of "Merge fix points on thin PEC and lossy metal sheets" chosen. All other parameters stay the same.
Waveguide Setup
In order to study the metamaterial properties in a waveguide, a unit cell is identified from the full size structure and placed in a waveguide to collect the S-parameters. The unit cell for the rod medium is shown in Figure 6 . The rod here is again modeled with PEC material, and the background as air. The top and bottom surface has PEC boundary conditions, whereas the left and right has perfect magnetic conductor (PMC) boundary conditions and front and back as open boundary condition. These boundary conditions will be the same for periodicity in x: 5.80mm periodicity in y: 6.30mm slab thickness: 3.33mm all structures' unit cell that we presented in this paper. A waveguide port is placed at the open boundaries. Mesh density is 10 lines per wavelength; the options of refinement at PEC edges by factor 4 and inside dielectric materials are chosen. With the S-parameter data from the waveguide, we can retrieve the effective µ and at all frequencies [18] . An electric plasma frequency of 13.5 GHz is observed from retrieval (see Figure 7) . Therefore, for farfield radiation, we will be interested in the frequencies around 13.5 GHz, as the index of refraction will be close to zero in that region, and therefore can possibly have beam sharpening effect. Using a rod medium, we can only have ef f to be zero at a certain frequency by changing the periodicity or the radius of the rods and thus making the index of refraction n = 0 at the corresponding frequency. Ultimately, our goal is to find a metamaterial structure where we can also get µ ef f to be zero at a frequency that is close to where ef f = 0 is, so that the region where n ≈ 0 can be broadened. Consequently we can potentially have a wider band where we can expect beam sharpening. Retrieval results (µ ef f and ef f ) enable us to relate metamaterials to a homogeneous material, and further assist us to estimate the radiation characteristic as we will demonstrate in the next section.
Analytical Method for Farfield Radiation
Consider a slab with permittivity 1 and permeability µ 1 as shown in Figure 8 . Given an embedded input linesource oriented in the z direction at the origin, its electric field [1] can be expressed as the follows:
where
is the spectrum which corresponds to the source at x = 0, y = 0 with magnitude I. The transmitted electric fields in the different regions then can be expressed as follows: In region 0,
In region 1,
In region 2,
By matching the boundary conditions for the tangential electric and magnetic fields at y = d 1 and y = −d 2 , we can find the coefficients T 1 , T 2 , A, and B.
Using farfield approximation [21] , the electric field in region 0 can be simplified as the follows: (12) Normalizing this electric field to a free space case, we get
where E r denotes the relative electric field with respect to the free space case.
Radiation Results and Normalization
In this section, we will show all our different radiation results from different methods and how we compare them. Radiation results are plotted for the plane of interest, the x-y plane, as shown in Figure 9 using a parallel plate radiation as an example. Angle φ is the angle from the +x axis in the plane of interest. In the frequency band where index of refraction n ≈ 0, the main beam (most power) is expected to occur at φ = 90 • and φ = 270 • . We have different radiation results: simulation and analytic. These two methods plot different aspect of farfield radiation, and we want to normalize them in some way such that we can compare our results.
The analytic method as shown in Section 3.2 calculates radiation using electric field from a linesource. The resultant farfield calculation is the ratio of the electric field with the metamaterial to the electric field in the free space case. It can then be squared to plot power in dB.
Simulation farfield radiation calculates the electric fields or power. In order to compare radiation results from these different methods, we need to find a way to normalize these data first. We noticed that in all these results, power is involved. In the analytic method, the power of each frequency is divided by the power of that frequency in the free space case. Therefore, for the same frequency, different power in different angles will be divided by the same number. However, if the frequency is different, the power will be divided by a different number. This tells us that there is a different scaling factor for different frequency. Looking at the gain results, all radiated power for each solid angle is divided by the input power, which is also frequency dependent. Hence, our method for normalizing all radiation figure is that for each frequency, we calculate the average relative power and normalize all data in that frequency with that average. The 3 dB beamwidth calculation will not be affected by this normalization. Figure 10 shows the radiation results obtained from analytic method. From retrieval as discussed in Section 3.1.2, we expect to see directive radiation around the electric plasma frequency of 13.5 GHz. The frequencies with the most directive and highest power radiation are seen to center around at 13.6 GHz and 13.9 GHz respectively. Shortly after 13.9 GHz, the main beam starts to divert away from φ = 90 • , and form a "U" shape radiation pattern.
Next, we look at the radiation results acquired from simulation for both the full size and the parallel plate slab cases in Figure 11 . For the full size structure simulation, the most directive beam is centered at around 13.7 GHz and the high power beam is centered at around 14.4 GHz. Similarly to what the analytic results have predicted, the highest power beam takes place after the most directive beam, but with both these frequencies shift to slightly higher frequencies. The parallel plate slab case exhibits a directive and high power beam at around 13.8 GHz and 13.9 GHz respectively. The parallel plate slab radiation has higher sidelobes which might be caused by the addition of the two PEC parallel plates. The two simulations are both a little bit different from what is predicted from the analytic method, however, they do demonstrate similar behavior of a "U" shape radiation pattern as the analytic case. We can conclude that our methodology has helped us to determine where directive and high power radiation will take place.
Besides power and directivity, we are also interested in the 3 dB beamwidth of the antenna system. The only beamwidth we are interested in is in the region where the index of refraction n ≈ 0, and where the mainlobe of the radiation at one particular frequency is at φ = 90 • (normal to the substrate). Due to possible numerical simulation errors and approximations, we allow the main beam to be slightly away from the normal, given that the beam power at the normal direction is still within the 3 dB range of the main beam. We also allow the beam power to oscillate up and down as long as it is all within a 3 dB window. The bandwidth is decided by having the sidelobes to be 10 dB lower than the main beam, given that the beam in the normal direction is within 3 dB of the main beam. Figure 12 shows the maximum power angle at different frequencies and the corresponding 3 dB beamwidths for the full size rod structure; Figure 13 shows the figures for the parallel plate slab case, where the smallest beamwidth of 6 • happens at 13.7 GHz, and the bandwidth is from 13.7 GHz to 14 GHz. 
COMPARATIVE STUDY OF DIFFERENT METAMATERIAL SUBSTRATE
In this section, we will study several published metamaterial structures as antenna substrate. For each structure, the dimensions of a unit cell will be illustrated. Next, the effective permittivity and permeability will be obtained from the retrieval method based on the S-parameter scattering simulation in a waveguide.
These structures are all left handed metamaterials, there will be a region where n < 0 and the index of refraction n = 0 would occur at the frequencies where either ef f = 0 or µ ef f = 0. We are going to evaluate these different structures and see which one would work best for our purposes. Ideally, we would like to find a structure which is easy for tuning and manufacturing; then, we would optimize the structure such that it will have the desired properties at around 10 GHz.
At the end of this section, a summary of results and comparisons of these different structures will be presented.
1-D Split-Ring Structure
2-D metamaterials are useful in the sense that it provides us with a relatively isotropic material property in the x-y plane. However, construction of a rigid 2-D structure is difficult. 1-D structures are easier to fabricate and construct. The unit cell dimension is as shown in Figure 14 . The retrieval results are shown in Figure 15 . Although the 2-D version of the same structure exhibit a usable left-handed band, The 1-D version has a larger rod spacings and has consequently pushed the electric plasma frequency too low. The split-ring structure also cause the left-handed band to shift from the stop band of the ring only structure, making it difficult to tune the ef f and µ ef f individually.
Symmetrical-Ring Structure
Another classic example of metamaterials is the symmetrical-ring structure [22] . The unit cell we used and its dimensions are as illustrated in Figure 16 . We mainly scaled the original symmetricalring structure published in [22] in order for it to work in the microwave regime. With the S-parameters obtained from the PEC-PMC waveguide simulation, retrieval is done and shown in Figure 17 . There is a resonant frequency at about 8 GHz. From 8.5 to 12 GHz, index of refraction n ≈ 0, but the imaginary part of n is slightly large. Therefore, instead of seeing directive radiation for all frequencies between this range, we might only have it around the two end frequencies. This structure, however, tends to yield clean retrieval response as there is less ringing effect from time-domain simulation. It would also allow us to tune ef f and µ ef f individually, because there is less coupling between the E field and the H field.
Omega Structure
Recently, there are also some new metamaterial structures being explored. One of which is an Omega-shaped structure [23] . The unit cell and its dimensions are presented in Figure 18 .
The retrieval results for this Omega structure is shown in Figure 19 . We can see that the retrieval results are not very clean for frequencies below 11 GHz. This might be caused by the increased complexity of the structure, since the rod are coupled with the rings, which means that the permittivity and permeability are coupled. However, we see that at around 11.4 GHz and 16.8 GHz, n ≈ 0 and the imaginary part of n is closed to zero, so we should be able to have regions where we observe directive radiation.
S Structure
Another novel metamaterial is a coupled "S" shaped structure [24] . There are no obvious ring or rod parts any more, but it still has the properties of having an electric plasma frequency and an magnetic resonant frequency. The unit cell is shown in Figure 20 and the corresponding retrieval results in Figure 21 . Since the S structure does not have any curvature, the retrieval results are relatively clean. Similarly, S also have two frequencies where loss is low and n ≈ 0. They are around 12.2 and 20 GHz, and index of refraction is approximately zero in between these two frequencies but the loss is large.
Summary
From studying and analyzing all these different metamaterial structures, Permittivity and permeability are coupled in the Omega structure and the S structure, so these two structures would be harder to tune. The Symmetrical-Ring structure and the Split-Ring structure differ mainly in the implementation of their rings. The SymmetricalRing structure shows better directional beam and is easier to tune its permeability since its rings are symmetrical. For example, we can change the Symmetrical-Ring structure's ring dimensions while keeping the same gap while the Split-Ring ring consists of one bigger ring and one smaller ring, so if we make the bigger ring smaller then the gap would become smaller too unless we make the small ring smaller as well. Hence, more parameters are involved in the Split-Ring ring and therefore harder to tune. We are interested in the 8 GHz to 18 GHz frequency range, and in Table 1 , we summarize how the different metamaterial structure perform as directive antenna substrate.
OPTIMIZED METAMATERIAL STRUCTURE
The symmetrical rings structure was first proposed in [22] for IR range. We choose to optimize this structure because of its simplicity to control µ and separately. It also has the main beam mostly along the normal direction, which is what we want for a directive antenna. We scale the geometry to microwave regime and change some parameters in order to yield wider band, higher power, and smaller beamwidth. If we see from retrieval that there are two frequencies where the index of refraction n = 0, but far from each other, then the imaginary part of n is usually too large (loss is large) for the frequencies in between to maintain high power.
Changes are made on top of the basic symmetrical rings structure to make where = 0 and µ = 0 closer to each other. Instead of having two small regions where we see high directivity and high power, we hope to have one larger region with high directivity and high power. For optimization, we carry out the one cell PEC-PMC waveguide simulation, and use the obtained S-parameters to retrieve the effective permittivity, permeability and index of refraction with which we calculate the analytic farfield radiation. If the analytic radiation result is not satisfactory, then the geometry of the unit cell will be further modified until the analytic radiation exhibits high power in a wider band with high directivity.
Optimized Geometry
The optimized final structure is shown in Figure 22 . Retrieval results are shown in Figure 23 . The two frequencies where n = 0 are very closed to each other. The imaginary part of n is relatively small in between the two frequencies. Essentially, we have lowered the electric plasma frequency, and increased the magnetic resonance frequency. The electric plasma frequency is related to the size of the rods, and their periodicity. The smaller the period, the higher the electric plasma frequency. Therefore, by increasing the period of the unit cell, we also increase the period of the rod, and hence lowered the electric plasma frequency. As for magnetic resonance frequency, it is related to dimensions of the ring. Here we assume that the material property to be ideal: metal is still modeled with PEC, and the dielectric is lossless with a relative permittivity of 4. Changes in the material properties would cause changes in the effective permittivity and permeability as well. Retrieval results are shown in Figure 23 . Since this is a 1D structure, we can arrange it such that the dielectric align with either the x direction or the y direction as shown in Figure 24 . We will refer to the one that has dielectric aligned in the x direction as version x, and the other as version y. 
Radiation Results
We will first present the simulation result. The radiation results for the two orientations are presented in Figure 25 , and the corresponding beamwidth results are shown in Figure 27 and Figure 26 . As we can see, both of these structures are shown to have reasonable power, directivity (beamwidth) and bandwidth compared to other structures simulated in the previous section. Version x has slightly higher power, and better directivity than version y.
To optimized the radiation, we also need to consider the antenna position. Is the position of antenna going to effect our radiation result? This is something that analytic method cannot tell us. Therefore, we can only run simulations to find out. For symmetry reason, there are two different antenna positions that we can explore which are shown in Figure 28 . In Figure 29 , the farfield radiation from the two different position of antenna are shown. One is always consistently 2 dB higher than the other (varies between 2.06 to 2.37 dB). Therefore, for the metamaterial substrate, to obtain higher power radiation output, it is better to align the antenna with the boundary between two adjacent unit cells, and not with the rod of an unit cell.
We have been using an isotropic analytic method up to this point, we can modify and make it works for anisotropic case. Now the slab (shown in Figure 30 ) will be slightly different from what we see in Figure 8 . The substrate permittivity and permeability will be expressed using tensors instead of scalers, which assumes isotropy. All the equations stay the same as shown in Section 3.2, except the expression for E in and p 01 .
With this anisotropic analytic solution, the radiation for version x and version y are shown in Figure 31 . They indeed look different from just using isotropic formula, and version x does show better power and directivity than version y.
CONCLUSION
The goal of the project was to realize the manipulation of and µ through specific inclusion of metal in dielectrics to achieve a desired substrate properties in order to yield optimum radiation characteristics. Recent advances in Left-Handed Metamaterials (LHM) provided the technology to design and implement such structures. Combining analytic method for analyzing radiation for homogeneous anisotropic slab, optimization of structure becomes possible Hence LHM technology is adapted and optimized for metamaterial substrate design.
We show that metamaterials can be approximated as being anisotropic homogeneous materials, not only in scattering (reflection/transmission) phenomenon, but also in embedded radiation. We also show that numerical simulation can address some design problems not possible with analytic method alone. The final structure to be tested is version x with the dipole in the "Not aligned" position (aligned with the boundary of cells).
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